ABSTRACT
INTRODUCTION
The sculptured surface (free-form surface) machining can be classified as plain cutting, ramping and contouring (1) . The most widely used are 5-axis milling centres. Parts are designed in a CAD system. Designing a part according to the application methods is important (2) . The program for CNC machine tool is generated in a CAM system (3).
Schulz and Hock (4) used ball end mills with different tilt angles to study tool life and workpiece quality, and they concluded that the down-milling/reverse cut with a tool inclination in the range of 10°~20° represents the optimum machining strategy for high-speed milling in the mould and die making industry.
Chen (5) optimized the tool path of the ball-end milling cutter based on surface error, which is defined by the deviation of the real motion of the tool. The tool path is essential in order to machine an accurate 3D surface. Toh (6) collected the effects of the tool path and orientation to the cutting force, the tool life and surface quality. The path orientation defines the size of the chip contact area and the inclination angle has optimum value from the viewpoint of the tool life. The inclination angle Tomáš VOPÁT 1, Jozef PETERKA 1 , Martin KOVÁČ in case of free-form surface 3D milling is changed point-by-point but in case of 5D milling it can be constant.
In the experiment, we determined and compared the tool life of ball nose end mill for upward ramping and downward ramping. In this article, equations for calculation of parameters of a hemispherical milling cutter are described.
MATERIALS AND EXPERIMENTAL METHODS

Workpiece material
The selected workpiece material was medium-carbon steel of ISO C45 (AISI 1045) grade. Chemical composition is shown in Tables 
Tested cutting tools
Application of ball nose end mill (specimen) is typical for mould milling. It is related to the kinematics representation of ball nose end mill in copy milling. The tested cutting tool material was uncoated cemented carbide (MicroGrain). We studied two specimens: S1 solid cemented carbide ball nose end mills for upward ramping (up-copying (7)) S2 solid cemented carbide ball nose end mills for downward ramping (down-copying (7)) Parameters of YG-1 ball nose end mills and are shown in Table 2 . Both of them were used for copy milling operations, since we investigated influence of cutter contact areas on the cutter plane on wear of ball nose end mill, which is due to the change of cutter contact area of cutting tool in copy milling operations according to upward and downward ramping. 
PARAMETERS OF YG-1 BALL NOSE END MILLS
Tool life test
For copy milling, DMG DMU 85 monoBLOCK 5-axis CNC milling machine was used (Fig. 1a) . First, the program for CNC machine tool was generated in a CAM system. Coolant was not used in the machining process. For cutting tests, we set the same cutting conditions (cutting speed, feed rate, axial depth of cut and radial depth of cut). Hence, we intended to investigate just the influence of cutter contact areas on the cutter plane on wear of ball nose end mill for the same cutting parameters. The inclination angle of the workpiece was 15° in the ramping. Tonshoff et al. (8) found that the optimum inclined angle is 15° for ball end-milling of block materials.
Since the flank wear of ball nose end mill was dominant, it was measured on Zoller Genius 3s universal measuring machine (Fig. 1b) . The flank wear was measured every 10.75 min equivalent to 2 m length of cut. The machining tests were stopped when the flank wear reached over 0.3 mm or when catastrophic tool failure occurred.
Fig. 1 (a) Workplace of DMG DMU 85 MonoBLOCK; (b) workplace of Zoller Genius 3s
Cutting conditions
All tool life tests were carried out with the following parameters: cutting speed vc = 70 m/min, spindle speed n = 1856.8 1/min, feed rate vf = 186 mm/min, axial depth of cut ap = 0.5 mm, radial depth of cut ae = 0.5 mm, feed per tooth fz = 0.05 mm.
Effective cutting radius and effective cutting speed in ramping
In upward ramping, tangential curve is placed on the one side from the axis of rotation of ball nose end mill. In downward ramping, tangential curve is placed around the axis of rotation of ball nose end mill on the both sides, and crosses the c enter of rotation of ball nose end mill. The scheme with symbols for ramping is shown in Fig. 2 . 
RESULTS
Measured flank wear in micrographs
The measured flank wear is shown in Fig. 3a and Fig. 3b . The first two columns are micrographs of flank wear for S1. The other two columns are micrographs of flank wear for S2. Fig. 3a records ball nose end mill before cutting in time of 0 min. Furthermore, Fig. 3b shows measured flank wear after attaining the value of 0.3 mm (in time of 64.5 min for S1 and in time of 86 min for S2).
Fig. 3 (a)Ball nose end mill before cutting,(b)Flank wear after attaining the value of 0.3 mm
The evaluation of tool life test
The next step of the wear measurement process was evaluation of the tool life test. First of all, the calibration process of measurement system of Zoller Genius 3 was initiated before the milling. The particular wear measurements were implemented for the first and then the second cutting edge. The average value was determined and inserted to Tables 3.
Flank wear values for specimens S1 and S2 are also described in Table 3 . For S1, the flank wear value reached over 0.3 mm after 64.5 min of cutting. As can be seen in measurement No. 7, the flank wear value on the second tooth is same as the flank wear value in measurement No. 6. It is caused by the chipping of cutting edge. The flank wear increased, but chipping of cutting edge caused that the measured value of flank wear decreased due to the chipping. For S2, theflank wear value reached over 0.3 mm after 86 min of cutting. Table 3 The graph in Fig. 4 plotted based on flank wear value of particular measurement expresses the time dependence of flank wear. The time dependence of flank wear for specimens S1 and S2 was then compared.
THE MEASURED AND CALCULATED VALUES FOR DIFFERENT TYPES OF RAMPING
Fig. 4 The time dependence of flank wear
As can be seen from the graph, the tool life of S2 is longer than S1. In our case, the tool life of ball nose end mill for downward ramping is 33.33% longer than for upward ramping. We suppose that it is due to various effective radiuses in upward and downward ramping which (11) . From this equation, it results that the increase of cutting speed leads to decreasing the tool life. From this reason, the tool life of specimen S2 is longer than S1 due to lower effective cutting speed. [6] where: vc -cutting speed (m/min) Tc 1/ k -Taylor's exponent C -constant.
CONCLUSION
The aim was to determine the tool life of ball nose end mill depending on selected type of ramping. The tool wear criterion was the flank wear value, because it was dominant. We investigated two cutting tools (specimens S1 and S2), which were completely identical. For both cutting tests, we set the same cutting conditions. The worn cutter contact areas of ball nose end mill was first calculated and then observed on Zoller Genius 3s universal measuring machine. For tool life test, DMG DMU 85 monoBLOCK 5-axis CNC milling machine was used.
The results showed different tool life for S1 and S2 according to type of ramping. For S1, the flank wear value reached over 0.3 mm after 64.5 min of cutting. For S2, the flank wear value reached over 0.3 mm after 86 min of cutting. The tool life of ball nose end mill for downward ramping (S2) is 33.33% longer than for upward ramping (S1). We suppose that the tool life of specimen S2 is longer than S1 due to lower effective cutting speed during the copymilling. Hence, selection of downward ramping operation is preferable for copy milling for the case finishing mould, when the tool life is the main criterion. The future study will be complemented by regrinded and honed mills.
